Docosahexaenoic acid (C22:6, n-3, DHA) is a polyunsaturated fatty acid highly enriched in the brain. This fatty acid can be easily oxidized yielding hydroperoxides as primary products. Cu, Zn-Superoxide dismutase (SOD1) aggregation is a common hallmark of Amyotrophic Lateral Sclerosis (ALS) and the molecular mechanisms behind their formation are not completely understood. Here we investigated the effect of DHA and its hydroperoxides (DHAOOH) on human SOD1 oligomerization in vitro. DHA induced the formation of highmolecular-weight (HMW) SOD1 species (>700 kDa). Aggregation was dependent on free thiols and occurred primarily with the protein in its apo-form. SOD1 incubation with DHA was accompanied by changes in protein structure leading to exposure of protein hydrophobic patches and formation of non-amyloid aggregates. Site-directed mutagenesis studies demonstrated that Cys 6 and Cys 111 in wild-type and Cys 6 in ALS-linked G93A mutant are required for aggregation. In contrast, DHAOOH did not induce HMW species formation but promoted abnormal covalent dimerization of apo-SOD1 that was resistant to SDS and thiol reductants. Overall, our data demonstrate that DHA and DHAOOH induce distinct types of apo-SOD1 oligomerization leading to the formation of HMW and low-molecularweight species, respectively.
Introduction
Amyotrophic Lateral Sclerosis (ALS) is a progressive and fatal disease caused by early and selective degeneration of motor neurons [1, 2] . ALS is predominantly sporadic, with approximately 5-10% of familial cases (fALS) [3] . Around 20% of fALS cases are due to mutations in the gene encoding the cytosolic antioxidant enzyme superoxide dismutase 1 (SOD1) [3] .
Many mutations (>170) in Cu,Zn-superoxide dismutase (SOD1) have been described in fALS (http://alsod.iop.kcl.ac.uk/). The ALS-linked mutations have been associated to a gain of toxic functions by the enzyme, including the formation of cytotoxic oligomers and aggregates [4] [5] [6] . Molecular mechanisms involved in the SOD1 aggregates formation are still unclear in vivo, however studies accumulated over the years have uncovered some key factors triggering its aggregation, such as metal mishandling [7, 8] , abnormalities in thiol-disulfide status [9] , and oxidative modifications [10] [11] [12] . Relevantly, in this context, some lipids have been shown to enhance oligomerization of proteins involved in neurodegeneration, including α-synuclein, β-amyloid, prion protein, and SOD1 [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
Docosahexaenoic acid (C22:6 n-3, DHA) is a omega-3 fatty acid present in high concentrations in the brain gray matter where it accounts for approximately 50% of the total polyunsaturated fatty acid content in cell membranes [23, 24] . Although most of DHA is found esterified to phospholipids in cell membranes, its release can be increased under inflammatory conditions by phospholipase A2 [25, 26] . In support of this hypothesis, studies have shown that ALS is intimately linked with neuroinflammation [26] [27] [28] [29] , a condition in which free DHA could be increased.
DHA is known to be oxidized enzymatically and/or non-enzymatically to hydroperoxy-and hydroxy-derivatives [30] . Great attention has been given to the enzymatically oxygenated DHA derivatives especially due to their neuroprotective and anti-inflammatory properties [25, 31] . However, less in known about the properties of the non-enzymatic oxidation products (e.g. hydroperoxides) formed upon oxidation of DHA by reactive oxygen species.
Considering the abundance of DHA in the brain and its high propensity to oxidation, here we aimed to investigate the effects of DHA and its hydroperoxides (DHAOOH) on human SOD1 aggregation in vitro. Using metal-deficient SOD1 WT and G93A we have confirmed the ability of polyunsaturated fatty acids to induce SOD1 aggregation [22] . Moreover, we have advanced the understanding on the mechanism involved in this process, by showing the dependence of the aggregation on specific thiol groups in the protein and also on the cis conformation of the unsaturated bond in the fatty acid. In contrast, DHAOOH showed minor effects on large aggregate species formation. Alternatively, the interaction of apo-SOD1 with DHAOOH induced a different type of modification that lead to the formation of small low molecular weight oligomers (e.g. dimers) resistant to thiol reductants. prepared with ultrapure water purified by a Direct-Q3 system (Merck Millipore, Germany) and treated with Chelex 100 before use.
DHAOOH preparation
DHAOOH was prepared as previously reported by photosensitized oxidation in the presence of methylene blue [30, 32] . Briefly, synthesis of DHAOOH was performed by photosensitization reaction by adding 4 μL of a solution of methylene blue (0.1 M in methanol) to 25 mg docosahexaenoic acid dissolved in 4 mL of chloroform (~20 mM). The mixture was kept under constant stirring, saturated with oxygen and irradiated with two tungsten lamps (500 W) for approximately 2 h. DHAOOH was purified as a mixture containing 12 isomers by semi-preparative C18 column (ThermoQuest 250 x 10mm, 10μm size particle) and mobile phase 55% acetonitrile containing 0,005% formic acid at a flow rate of 4,7 mL/min. Hydroperoxides were checked by mass spectrometry and quantified by absorbance at 234 nm (ε = 25200 M -1 cm -1 ) and iodometry [30] .
Human recombinant SOD1 expression and purification
The enzyme was expressed in Escherichia coli and purified as previously described [33] . Purified protein was repeatedly washed and concentrated by ultrafiltration filter cutoff 30 kDa (Amicon Ultra Centrifugal Filter) in 5 mM phosphate buffer, pH 7,4, treated with Chelex -100.
Preparation of apo-SOD1 WT and apo-SOD1 G93A
Apo-forms were prepared from SOD1 by repeated dialysis against: (1) 50 mM acetate buffer, pH 3.8 containing 10 mM EDTA, (2) 50 mM acetate buffer, pH 3.8 containing 100 mM NaCl to remove EDTA and (3) finally, against Milli-Q grade water, treated with Chelex-100 resin to remove traces of transition metals [34] .
SOD1 oligomerization experiments
Soluble apo-SOD1 WT and/or G93A was dissolved in 50 mM phosphate buffer pH 7.4 containing 150 mM NaCl and 100 μM of the iron chelator diethylenetriaminepentaacetic acid (DTPA). Oligomerization studies were performed by incubating 10 μM of apo-SOD1 WT or G93A with 250 μM of fatty acids (DHA, stearic acid, oleic acid, elaidic acid, linoleic acid or arachidonic acid), DHAOOH or H 2 O 2 at 37°C for 24 h. Time dependent analysis was done by incubating the samples for 2, 6 and 24 h. Dose dependent experiments were done with 50, 100 and 250 μM DHA or DHAOOH at 37°C for 24 h.
SDS-PAGE
SDS-PAGE analysis was performed under reducing and non-reducing using a 12% polyacrylamide gel. After incubation, aliquot (20 μL) of the samples was pre-incubated with 50 mM iodoacetic acid sodium salt (NaIAc) for 15 min, and then treated with SDS-PAGE sample buffer (62 mM Tris-HCl, pH 6.8 containing 10% glycerol, 2% SDS, 0.01% bromophenol blue) in the absence or presence of β-mercaptoethanol (β-ME), boiled for 5 min and subjected to electrophoresis in denaturing polyacrylamide gels (5% stacking gel, 12% resolving gel). Gels were stained with silver nitrate.
Size exclusion chromatography
Size exclusion chromatography was performed using BioSep-SEC-S4000 column (300 x 7.8 mm, Phenomenex, USA). The size of SOD1 aggregates was determined using as standards the protein thyroglobulin (660 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa) and ovalbumin (43 kDa). Each sample was eluted with a 50 mM phosphate buffer, pH 7.4 containing 150 mM NaCl and 100 mM DTPA. Proteins were analyzed at 210 nm.
Congo red (CR) assay
This method is based on red shift of the CR absorbance peak that is characteristic of CR binding to amyloid fibers by scanning from 400 nm to 650 nm in UV/Vis spectrophotometer [35] . For the analysis 30 μL of the sample incubated as described in the oligomerization experiments was mixed with 20 μL of 30 μM CR solution (final concentration 6 μM) and 50 μL of 5 mM phosphate buffer pH 7.4. Absorption spectra were acquired with a Cary 50 Bio UV/visible spectrophotometer (Varian).
Bis-ANS fluorescence
Exposure of protein hydrophobic patches was verified after 24 h incubation by analyzing the fluorescence of the dye bis-ANS. An aliquot of 60 μL of each sample was incubated with 12 μL of bis-ANS (60 μM) for 15 minutes in water at 37°C. The fluorescence spectrum was obtained by a plate reader (TECAN, Life Technologies). Emission was recorded in the range of 400-650 nm after excitation at 390 nm. Baseline measurements of the bis-ANS in the presence of DHA, DHAOOH or H 2 O 2 were taken as a control. After that, fluorescence measurements of bis-ANS in the presence of apo-SOD1 WT or G93A incubated with DHA, DHAOOH or H 2 O 2 was recorded.
Transmission electron microscopy (TEM)
Aggregate morphology was analyzed by TEM as described previously [36] . Briefly, two microliters of the samples containing aggregates were adsorbed for 5 min onto on 200-mesh carboncoated copper grids (Electron Microscopy Sciences EMS, Pennsylvania). After drawing off excess solution, the grids were air-dried and then stained with 2% (wt/vol) uranyl acetate. The specimens were viewed with a FEG-SEM JEOL JSM-7410 microscope at an accelerating voltage of 30 kV as described previously.
Site-directed mutagenesis
Mutations were performed using the QuikChange kit standard site-directed mutagenesis protocol (Stratagene, Agilent Technologies, Inc., Santa Clara, California, USA). Two oligonucleotides (each complement its opposite strand) containing the mutation of interest were synthesized. The following primers were used: C6S: forward 5'-ACTAAAGCTGTGTTCGT GCTGAAGGGCGAC-3'; reverse 5'-GTCGCCCTTCAGCACGAACACAGCTTTAGT-3'; C111S: forward 5'-TCTCAGGAGACCATTCCATCATTGGCCGCA-3'; reverse 5'-T GCGGCCAATGATGGAATGGTCTCCTGAGA-3'. The mutagenesis products were transformed into XL1-Blue by electroporation and plated in solid selective LB/Amp. The resulting colonies were selected for confirmation of the insert by PCR and amplification was performed using T7 primers flanking the region of interest in the vector (pET-3d). After this, colonies in which the insert was confirmed were grown in liquid LB/Amp. The coding region of the isolated vector was sequenced to verify the mutations generation and the vectors with their confirmed mutations were transformed into strains of E. coli expression BL21(DE3)pLysS.
Results

SOD1 oligomerization in the presence of DHA and its hydroperoxides
Incubations of metal-deficient SOD1 (apo-SOD1 wild-type and mutants) with unsaturated fatty acids (e.g. arachidonic acid) has been previously shown to induce the formation of high molecular weight (HMW) oligomers [22] . To characterize how fatty acids in the brain could affect SOD1 aggregation, we focused our investigation on the ability of DHA and its oxidized counterpart, the monohydroperoxides (DHAOOH, a primary product of DHA oxidation) to induce SOD1 oligomerization. Experiments were conducted with the protein in its apo-form since this form was the most susceptible to undergo aggregation. Moreover, apo-SOD1 is found enriched in insoluble SOD1-rich fractions in ALS transgenic mice spinal cords [8, 37] and likely to constitute an important form of SOD1 in familial and sporadic ALS [7, [38] [39] [40] [41] .
DHA or DHAOOH was incubated with both WT and G93A apo-SOD1 at 37°C for 24 h and oligomerization was assessed by SDS-PAGE under non-reducing and reducing conditons (Fig 1) . Interestingly, they have induced distinct effects on protein oligomerization (Fig 1A and  1B) .
DHA induced SOD1 aggregation as shown by the appearance of HMW species of the protein under non-reducing conditions (Fig 1A) . Aggregation was slightly more pronounced in the G93A mutant compared to WT which is in accordance with the more unstable nature of the mutant. Importantly, SOD1 HMW aggregates were completely reversed in the presence of β-mercaptoethanol (β-ME) (Fig 1B) , indicating that SOD1 aggregates were disulfide bonded.
On the other hand, DHAOOH had minor effects on SOD1 HMW aggregate formation as can be observed in non-reducing gels (Fig 1A) . Alternatively, DHAOOH induced the formation of abnormal dimeric species, which can be observed by the increase of a band at around 32 kDa in the reducing gels. For comparison, we tested the effect of H 2 O 2 , which had no effects on both aggregation and dimerization. Dimeric species were also not formed by tert-butylhydroperoxide (data not shown). The resistance of dimeric SOD1 species to thiol reductants was confirmed with guanidine (2 M) and dithiothreitol (166 mM) (S1 Fig). Dose-dependent effects of DHA and DHAOOH on SOD1 oligomerization were studied. Incubations conducted with 50 μM, 100 μM and 250 μM of DHA or DHAOOH showed a dosedependent increase on both aggregation (Fig 1C) and dimerization (Fig 1D) , under non-reducing and reducing conditions, respectively. Again, the effects of DHA and DHAOOH were more pronounced with the G93A mutant form of the enzyme.
SOD1 oligomerization was also checked by size-exclusion chromatography (Fig 2) . In line with the results observed in SDS-PAGE analysis, DHA promoted the formation of large aggregate species (>700 kDa) (Fig 2) . Peaks corresponding to the HMW aggregate species could be observed as early as 2 h after incubation with both proteins (Fig 2B and 2F) . For the incubations with DHAOOH it was possible to notice a broadening of the native SOD1 peak (Fig 2C  and 2G ) possibly related to the formation of abnormal SOD1 dimers and trimer species.
Exposure of protein hydrophobic patches and formation of amorphous aggregate species
To verify whether DHA and DHAOOH induce alterations in protein hydrophobicity we conducted experiments with bis-ANS, a probe that has increased fluorescence in hydrophobic environments [42] . In addition, we examined the formation of amyloid-like fibrillar aggregates by the CR assay and by TEM analysis.
The fluorescence of bis-ANS probe showed the characteristic blue shifted fluorescence spectrum whose intensity was augmented for the incubations of WT or G93A apo-SOD1 with DHA, indicating an increase in protein hydrophobicity (Fig 3B and 3C) . On the contrary, in the presence of DHAOOH or H 2 O 2 , bis-ANS fluorescence was lower than control containing only the protein (Fig 3B and 3C) . This effect could be interpreted by increased polarity of the protein surface possibly related to the oxidation of solvent-exposed aminoacid residues by the hydroperoxides.
Amyloid-bound CR is known to display a red shift in the UV absorbance from about 490 to 540 nm [43] . Spectra recorded for the CR alone and CR incubated in the presence of apo-SOD1 WT or G93A pre-incubated with DHA or DHAOOH for 24 h showed a slight blue-shift in relation to CR alone. However, none of the samples promoted the red shift of the CR absorbance peak that is characteristic of CR binding to amyloid (Fig 3E) , thus suggesting that the aggregates formed in the presence of the fatty acids are nonamyloid. Accordingly, TEM analysis of both apo-SOD1 WT and apo-SOD1 G93A incubated with DHA for 24 h presented amorphous aggregates and no clear amyloid fibers (Fig 3D) . Images show aggregates composed by granular shape components with approximately 10 nm diameter.
Protein oligomerization dependency on fatty acid unsaturation and conformation
To explore the relationship between aggregation and number of unsaturated bonds in the fatty acid, we incubated apo-SOD1 WT or G93A with stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2), arachidonic acid (20:4) or DHA (22:6) (Fig 4) . Among these fatty acids, only the unsaturated ones were capable to induce protein aggregation. We further expanded these observations by also testing whether fatty acid conformation would affect SOD1 oligomerization. For this purpose, we compared the effect of oleic acid and the corresponding fatty acid in the trans configuration, the elaidic acid (Fig 4B) . Notably, aggregation occurred only with the fatty acid with the unsaturated bond in the cis configuration.
Participation of cysteines 6 and 111 on apo-SOD1 oligomerization
Cys-6 and Cys-111 in SOD1 have distinct localization and solvent accessibilities [44] [45] [46] . Sitedirected mutagenesis studies were performed to check which of these free Cys residues participate in the aggregation process induced by DHA. The apo-SOD1 mutants, C6S and C111S of both WT and G93A, were prepared and then incubated in the absence and presence of DHA. The percentages of protein that underwent oligomerization were analyzed by size-exclusion chromatography (Fig 5A and 5B) .
For the apo-SOD1 WT, both C6S and C111S mutations inhibited aggregation (Fig 5A) , suggesting that Cys 111 and Cys 6 might act synergistically in the oligomerization process. Conversely, for the apo-SOD1 G93A mutant (Fig 5B) , only C6S was capable to inhibit DHA induced aggregation, indicating that Cys 6 is particularly important in the aggregation mechanism induced in the presence of the fatty acid.
Discussion
Previous studies [19, 22] showed that SOD1 oligomerization could be induced by lipid molecules. Given the high propensity of polyunsaturated fatty acids to oxidation, we aimed to evaluate the effect of DHA and its derived hydroperoxides on SOD1 oligomerization. We have initially postulated that hydroperoxides would enhance oligomerization by promoting protein oxidation, a process that has been described to contribute in the formation of unfolded/misfolded SOD1 forms [47] . However, oligomerization promoted by the DHAOOH was modest when compared to DHA itself, as corroborated by SDS-PAGE (Fig 1) and size-exclusion chromatography analysis (Fig 2) .
A closer examination of apo-SOD1 oligomerization by non-reducing and reducing SDS-PAGE (i.e. without and with β-ME, Fig 1A and 1B) revealed that DHA and its oxidized counterpart produce distinct types of cross-links in apo-SOD1 that are, respectively, sensitive and resistant to reducing agents such as β-ME. As a result, HMW aggregates and abnormal covalent dimeric species were produced with DHA and DHAOOH, respectively. Accordingly, protein unfolding analyses using bis-ANS indicate that DHA induces increase in protein surface hydrophobicity possibly due to the exposition of hydrophobic residues. In contrast, DHAOOH was unable to promote increases in protein hydrophobicity and subsequent large aggregate formation. Reasons for that could be the oxidation of protein residues involved in the oligomerization process. For instance, hydroperoxides can oxidize thiols to sulfinic (-SO 2 H) and sulfonic acids (-SO 3 H) thereby avoiding the formation of intermolecular disulfide bonds [6, 48] . Alternatively, the presence of a peroxide group in the acyl chain could somehow affect proper lipid-protein interactions necessary for the protein aggregation. Protein aggregates commonly found in many neurodegenerative diseases are classified as amyloid or non-amyloid based on a number of parameters including spectroscopic and dye based assays [35] . Here, we investigated the morphological nature of the aggregates formed upon DHA incubation by CR assay and TEM analysis (Fig 3) . Incubation of CR with WT and G93A mutant aggregates did not cause the typical CR spectrum red shift observed for amyloid fibrils, suggesting a non-amyloid nature of the aggregate. This was confirmed by TEM analysis, which showed aggregates of amorphous morphology composed by granular shape substructures (Fig 3D) . Interestingly, these data are consistent with the morphology found in previous studies on SOD1 aggregation promoted by lipids [19, 22] . More importantly, they resemble those aggregates found in ALS patients [49, 50] and in early aggregates found in animal and in vitro models [43, 51] . To get some insights on the mechanism by which DHA induces apo-SOD1 oligomerization, we evaluate the effect of different fatty acids containing varying degrees of unsaturation and double configurations (cis and trans). Our data confirmed that apo-SOD1 oligomerization occurs with fatty acids containing at least one unsaturated bond (e.g. oleic acid) [22] . Moreover, the nature (cis or trans) of the fatty acid double bond also affected protein oligomerization. HMW aggregates were not observed with the trans monounsaturated fatty acid. This could be due to differences in the biophysical properties of the fatty acids in solution, in a manner that the number of unsaturated bonds and its configuration affect the aggregate type (oil droplets, micelles, vesicles) and size [52, 53] . Studies supports the idea that lipid membrane surfaces can facilitate the structural transformation of a polypeptide chain into an unfolded conformation required to aggregate formation [54] . Thus, it is tempting to speculate that unsaturated fatty acids released under inflammatory conditions could interact with immature metal deficient SOD1 species enhancing the formation of aggregates. This effect could be mediated indirectly through the formation of micellar/vesicular states and/or directly through hydrophobically oriented interactions between the cis-unsaturated fatty acid and the protein.
Aggregation propensities of SOD1 have been correlated to thiol cross-linking reactions involving free Cys residues in the protein [41, 55] . Thus we sought to examine the participation of specific free thiol groups in DHA-induced apo-SOD1 oligomerization. As mentioned earlier, SDS-PAGE analysis showed that HMW aggregates are sensitive to thiol reductants, indicating that large SOD1 aggregates were disulfide-cross-linked. Analyses of the relative contribution of Cys-6 and Cys-111 evaluated by site-directed mutagenesis confirmed the requirement of these residues for the aggregation. Noticeably, WT and G93A SOD1 showed distinct Cys requirements for aggregation. For the WT, aggregation was abolished in both C6S and C111S mutants, while for the G93A aggregation was not observed only with the C6S mutant. Thus, Cys-6 seems to be a critical residue involved in DHA-induced aggregation of both WT and G93A SOD1.
Cys-111 is a solvent exposed residue known to be easily oxidized [45] . On the other hand, Cys-6 is found tightly packed in the interior of the beta-barrel in native homodimeric metalated forms of SOD1. It has been demonstrated that in the apo state, the protein becomes structurally highly disordered [41] . In this situation the protein experiences a broad range of conformations allowing Cys-6 to become more solvent accessible [41] . The aggregation observed for C111S mutant of G93A supports the hypothesis that DHA causes structural alterations increasing Cys-6 accessibility for intermolecular disulfide cross-linking. Interestingly, Antimone et al. [56] showed that Cys-6 is the primarily site of palmitoylation in immature SOD1. Thus while Cys-111 seems to be the preferential site to undergo oxidation [44, 46] and glutathionylation [57] , Cys-6 seems to be a critical site for protein lipidation and also for DHA-induced HMW aggregate formation.
In summary, our study shows a distinct pattern of SOD1 oligomerization in vitro whereby DHA promotes SOD1 HMW aggregate species formation, whereas DHAOOH leads to aberrant covalent protein dimerization. It is noteworthy that both modes of oligomerization leading to HMW aggregate or dimeric species are found in cellular and rodent models of ALS [47] . Given the potential involvement of WT SOD1 in sporadic ALS [9] , it is also relevant that DHA and DHAOOH lead to WT apo-SOD1 oligomerization to the same extent as the G93A mutant protein. Here we propose a mechanism whereby DHA interaction with apo-SOD1 favors protein hydrophobic patches exposure and Cys-6 accessibility to form intermolecular disulfide cross-links and consequent HMW species assembling. Aggregates formed in the presence of DHA have an amorphous morphology with similar characteristics of those found in ALS patients [49] and also recently found under oxidative conditions [36, 43] . Dimerization mechanism induced by DHAOOH was not further explored in this study. However, it is clear from our data that DHAOOH enhances the formation of non-native dimers strongly resistant to thiol reductants. Covalent SOD1 dimers involving di-tryptophan crosslinks has been already described [12] . We are currently investigating whether similar dimers are formed upon DHAOOH incubation. Since reactive oxygen species appears to contribute to ALS pathogenesis, oligomerization (aggregation and dimer formation) induced by DHA and its oxidized counterpart (the hydroperoxides) warrants further investigation to determine its relevance in the disease context. 
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